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ABSTRACT 
Chilling of 8-day-old Cucumis sativus seedlings for 
48 hr at 2 C caused reversible damage; chilled seedlings 
collapsed but regained turgor within 6 hr at 25 C. Hypocotyl 
segments from the chilled seedlings exhibited greater solute 
leakage at removal from chilling, and increased produc¬ 
tion and Op uptake 2 to 3 hr after transfer to 25 C. Pre- 
-4 
treatment of seedlings before chilling with 10 M ABA, and 
to a lesser extent pretreatment with 10 M CaC^-j reduced 
chilling injury and solute leakage, while pretreatment with 
10~^M ascorbate increased chilling damage. These effects 
of ABA and CaCl^ are consistent with the phase-change 
concept of chilling injury. Op uptake by hypocotyl segments 
increased during the first 6 hr of seedling recovery at 25 C, 
but returned to the rate of uptake by unchilled seedlings by 
24 hr at 25 C. Chilled tissue was sensitive .to 2,4 DNP 
during this period of accelerated Op uptake. Whereas un¬ 
chilled tissue was insensitive to 10 ^M SHAM, chilled tissue 
was sensitive to SHAM inhibition of Op uptake during the 
burst of Op uptake, but not subsequent to the burst of Op 
uptake. A possible role of CN-insensitive respiration in the 
recovery from chilling injury is discussed. 
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C H A P T E R I 
INTRODUCTION 
Post-imbibitional chilling injury may occur in many 
crops following early spring planting. Injury can be 
expressed as decreased vigor and yield and increased sus¬ 
ceptibility to pathogens. The magnitude of injury is a 
function of both duration of exposure and chilling tempera¬ 
ture, with sensitive plants usually injured below 12 C. 
The primary response to chilling temperatures in 
sensitive plants is believed to be a phase-change in cell 
membranes, causing an imbalance of metabolism as compart- 
alization of the cell is disrupted (41,42). Cellular 
components may not all be affected simultaneously and 
mitochondrial membranes undergo a phase transition at a 
higher temperature than plasma membranes (47); furthermore, 
the tonoplast is reportedly the first membrane to rupture 
under the stress imposed by the phase-change (50). As a 
consequence of the phase-change, solutes may leak from the 
plasma membrane (80), a respiratory burst is often noted in 
tissues after the chilling period (7*0 and production 
may increase (80). The activities of many enzymes are 
affected by chilling, but these responses are probably 
secondary in nature. 
Predisposition of plant membranes to lipid phase 
changes may be modified. Increased amounts of unsaturated 
phospholipids or sterols in membranes will lower their 
1 
2 
temperature of transition (41), whereas dehydration of 
membranes can raise the transition temperature (65). ABA 
application apparently reduces chilling injury in leafy 
tissues by maintaining tissue hydration (60). Binding of 
p 
Ca ions can also lower the temperature required for the 
phase-change (8). We have also observed that imbibition of 
soybean seeds in ascorbate can ameliorate chilling damage 
(unpublished data). 
Chilling for protracted periods of time can be lethal, 
purportedly due to an accumulation of toxic side products 
(41) or decreased availability of ATP (38). Mitochondrial 
organization becomes increasingly disrupted as a result of 
loss of lipid and protein components (53>82). Respiratory 
control ratios of chill injured mitochondria are below 
those of healthy organelles. With injury, respiration may 
become uncoupled (10,74). 
Experiments reported here were undertaken to deter¬ 
mine the effectiveness of pretreatments with ARA^CaCl^ and 
ascorbate in reducing chilling injury of cucumber seedlings. 
In addition, the nature of the respiratory birrst following 
chilling was investigated, utilizing 2,4 DNP and SHAM. 
CHAP T E R II 
LITERATURE REVIEW 
j 
Chilling injury to plants, both on the field and 
subsequent to harvest, has long been recognized as a source 
of major economic loss in many commodities. Early spring 
plantings of many chill-sensitive species may result in 
decreased yield due to a lower germination percentage, root 
tip abortion and permanent injury to meristematic tissues (8). 
Chilling injury in leafy plants may be manifested in several 
disorders, ranging from water logging to necrosis of tissues. 
However, due to this diversity, symptoms of chilling injury 
in leafy plants are hard to distinguish. In fruits which 
are exposed to chilling temperatures, normal metabolism is 
disrupted, resulting in early tissue senescence and decreased 
pathogen resistance (23). 
Moslich is credited with first differentiating between 
freezing, where death is associated with the formation of 
ice crystals, and chilling, where death or injury is caused 
by physiological dysfunctions in the absence of ice crystals 
(47). Evidence now suggests that cell membrane phase changes 
are the primary event in chilling injury, and are responsible 
for the development of a host of secondary disorders which 
are commonly recognized as chilling injury (40). 
The temperature and duration of exposure necessary 
for incurring chilling injury are variable. Tropical plants, 
such as banana, may be injured by exposure to 12 C for a few 
4 
hours, while temperate-region plants may be injured only by 
temperatures close to 0 C, and only after a protracted period. 
Modest injury may bd reversible upon transfer to non-chilling 
temperatures but the injury may become irreversible and 
lethal with extended exposure to chilling temperatures (41). 
An inverse relationship exists between the mean growth 
temperature and/or photoperiod (54,59) and a plant's ability 
to withstand chilling or frost injury (1,45). The regulation 
of this phenomena in young alfalfa plants is believed to be 
through the antagonistic effects of ABA and gibberellic 
acid (59). 
The stage of development of a plant also influences 
development of injury. Young tissues (including imbibing 
seeds) are particularly sensitive, with dramatic changes in 
IMA content and solute leakage rates after brief chilling 
(5,9,41). Injury in young seedlings can be differentiated 
into two phases. Chilling during seed imbibition results 
in radicle abortion and protein denaturation (66), while 
post-imbibitional chilling injury is seen after exposure 
to more severe conditions, and is manifested .as damage to the 
root cortex (8). Young banana hands are more readily damaged 
than older tissue (41); similarly, injury is more pronounced 
in senescing than in mature tissue (65). Older plants 
require a longer period to harden against chilling than do 
younger plants (76). 
Environmental conditions at time of chilling may 
play a large part in determining the severity of injury. 
Low relative humidity or high levels of ethylene predispose 
plant tissue to damage (41). Chilling at moderate light 
intensities can cause necrotic lesions to develop in sorghum, 
whereas these symptoms do not develop when chilling occurs at 
low light intensities (73)- A rapid deterioration of spinach 
thylakoids occurs upon chilling in the light, but not in the 
dark (16). Van Hasselet has demonstrated that chilling in 
the light causes a rapid photooxidation of unsaturated lipid 
in chloroplasts and alters the cellular pH (19)- These 
reactions may be mediated by the carotenes or chlorophylls 
(20). 
A rapid inhibition of protoplasmic streaming is 
noticeable during chilling of sensitive plants. Early 
reports of a cessation of streaming at low temperatures 
promoted speculation as to the role of sol-gel interconver¬ 
sions in chilling injury. Protoplasmic streaming is thought 
to be mediated through a myosin ATPase, an enzyme whose 
activity is dependent on membrane integrity (32,41). 
Patterson and Graham determined that normal streaming rates 
at chilling temperatures are correlated with genetic adapta¬ 
tions to chilling in various tomato cultivars (54). 
Many enzymes have been shown to increase or decrease 
in activity in response to chilling, but heterogeneity of 
response of these enzymes in different chill-sensitive plants 
makes hypotheses concerning their role tenuous (41). further¬ 
more, many of the ascribed changes in enzymatic activity 
are of a secondary nature, occurring many hours alter 
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chilling. Russian literature suggests that all types of 
chilling injury are caused by protein degradation, as the 
plant compensates for declining food reserves (34). However, 
it is probable that injury in mature cells can occur before 
drastic changes in protein metabolism result. A review of 
the older literature does reveal, however, that intermediates 
of various metabolic reactions accumulate, notably ethanol, 
acetlaldehyde and keto acids (12,13,41). 
Chilling injury on the cellular level may be envisioned 
as a series of integrated metabolic distrubances which cause 
irreversible damage with time. Lyons (39) proposed that 
chilling injury is caused in organized, hydrated cells by a 
rapid physical thermotrophic transition in cell membranes. 
This phase change causes a rigidification and cracking of 
the membrane, and selective permeability characteristics of 
the membrane are lost. Additionally, a suppression in reac¬ 
tion rates of enzymes bound to the membrane results. Experi¬ 
mentally, phase changes can be determined via breaks in 
Arrhenius plots of energy of activation (E ) over a range of 
temperatures. This increase in Eg may be a consequence of 
altered enzyme configuration or conformation (13), and can 
be an early indicator of chilling injury (3?36). Arrhenius 
plots have been shown to be linear for mitochondria isolated 
from chill-resistant plants, but nonlinear in chill-sensitive 
species (39,40). Specific enzymes affected by this phase 
change include succinate dehydrogenase, NADP reductase and 
ATPases (30,32,39,^6). Enzymes which are soluble, or loosely 
7 
bound, such as glycolytic enzymes, do not undergo large 
changes in the E (-4-1), as their activity is not influenced 
by integration with the membrane. However, loosely bound 
proteins (e.g. cyctochrome c and malate dehydrogenase) may 
rapidly dissociate from the membrane following the phase 
change (21,82,75,76). Thus, an imbalance in metabolism occurs, 
as soluble and lipid bound enzymes are no longer acting in 
synchrony, and potentially damaging intermediates may 
accumulate with time. Thus, if a phase change does occur, 
the plant's ability to tolerate or detoxify these substances 
could determine the degree of injury incurred. Intermittent 
warming of some plants has been shown to be effective in 
reducing the incidence of chilling injury (41). Not all 
types of chilling injury are a result of side product accumu¬ 
lation following a phase change. (Simon et al reports a 
value of 50 at the chilling temperature of cucumber seeds, an 
effect attributed to protein denaturation (66).) Imbibitional 
chilling injury may be distinct from injury incurred during 
subsequent growth in that membrane architecture may be greatly 
modified in dry seeds (65). 
Direct support for Lyons' theory comes from nitroxide 
electron spin resonance studies of plant mitochondria, which 
indicate a phase change occurring between 10 to 12 C in 
chilling sensitive, but not resistant plants (56,65). Similarly, 
Shneyor et_ al_ (65) found that a phase-change occurred in 
isolated chloroplasts within the same temperature range. 
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However, only the ferridoxin-NADP reductase of photosystem I 
exhibited a break in its Arrhenius plot; several mitochondrial 
enzymes show breaks in their plots. This difference may 
indicate that many mitochondrial proteins, but few chloroplast 
proteins, are deeply embedded in the lipid membrane. 
Alternately, breaks in Arrhenius plots of the mitochondrial 
enzymes may be due to differences in substrate binding 
affinity at low temperatures, even though the enzyme is not 
embedded in the membrane (64). 
Indirect support for Lyons' theory may be found in 
correlations between qualitative and quantitative differences 
in membrane components and the ability of plants to withstand 
chilling temperatures (65). It has been shown that as the 
percentage of unsaturated phospholipids in mitochondrial 
membranes increases, the critical temperature of transition 
is lowered, and resistance to chilling injury increases (40). 
Thus, ethanolamine is able to reduce the incidence of chill¬ 
ing injury in tomato fruits by increasing the linoleic:oleic 
acid ratio (26). St. John and Christiansen, utilizing 
Sandoz 9875 (an inhibitor of linoleic acid synthesis), found 
that chilling resistance in cotton seeds is related to the 
level of linoleic acid in membrane lipids (72). 
Other membrane systems are also thought to undergo 
phase changes, but difficulties in isolating pure prepara¬ 
tions of these membranes preclude identifying the organelle 
which suffers the "phase change most readily. Plant plasma 
membranes have a lower percentage of unsaturated lipids 
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than do mitochondria, and may undergo a phase change readily 
(31»4-1)» Morphological studies of degenerative changes 
associated with chilling injury in tomato indicate that the 
tonoplast can be the first organelle to show signs of invagina¬ 
tion and subsequent rupturing (50). Changes in the morphology 
of the rough endoplasmic reticulum have been seen during 
chilling, which may affect membrane biogenesis (25,48,50). 
Minchin and Simon report that a phase change occurred at 12 C 
in mitochondria, and at 8 C in the tonoplast and plasma mem¬ 
brane (47). They proposed that since their experimental 
material lacked chill sensitivity at 12 C, mitochondrial phase 
changes may not be of major consequence in causing some types 
of chilling injury. 
As originally proposed, Lyons' theory of chilling 
injury emphasized the role of lipid composition in determin¬ 
ing the temperature at which the phase change will occur, 
and assumed a sharp transition temperature. However, 
several qualifications of this theory have been raised, 
partly on the basis of Singer's fluid mosaic model of mem¬ 
branes (67). Calorimetric analysis of membranes (which 
determines changes in general, rather than specific regions) 
demonstrate that the phase change can occur over a range 
of 30 C. Thus, the membrane could have localized liquid 
regions below the temperature of the phase change. In 
experiments with artificial membranes, bound proteins are 
seen to aggregate around these fluid regions after the phase 
change has occurred. Furthermore, at least two membrane 
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transition temperatures have been noted in several plants, 
one at 10 C and the other at 28 G (22,78) but metabolism 
may not be drastically affected by the higher temperature. 
Wilson and Crawford (77,78) found no relationship between 
the chill-hardening process in bean and changes in total 
fatty acid content. However, in further studies, Wilson 
(76) determined that the unsaturated phospholipids do 
increase upon hardening; earlier results may have been due 
to his choice of experimental tissue, as leaf tissue has a 
low percentage of unsaturated phospholipids relative to 
total lipid content (69,70,71)* It is clear, however, that 
unsaturated lipids alone do not determine sensitivity to 
chilling, as exemplified by studies on apple cultivars 
sensitive and resistant to chilling (44). Several cultivars 
were found to be chilling sensitive, even though they con¬ 
tained a large amount of unsaturated phospholipids. 
At least four factors, other than relative satura¬ 
tion of phospholipids may modify the effects of phase changes, 
namely sterol content, membrane hydration, lipid chain length 
and loss of lipid components. An increase in membrane 
sterols can sharply lower the temperature of transition in 
oat roots (69). Similarly, unsaturated phospholipids do 
not increase in rats acclimiated to cold, but the amount of 
cholesterol does (69). Short chain phospholipids are more 
flexible than long chains after a phase change has occurred. 
A loss of fatty acids and proteins from membranes during 
chilling of sensitive plants is well documented (19,20,29,99,99) 
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the magnitude of this loss is dependent on the extent of the 
chilling treatment. Free fatty acids increase during only 
prolonged chilling (greater than 12 hours) in the dork, 
whereas they accumulate relatively rapidly during chilling 
in the light. Wilson reports that linolenic acid losses do 
not occur during chilling of resistant plants (76). Loss of 
lipid components does not occur until several hours into the 
chilling regime, and is caused in part by the cells’ inability 
to synthesize macromolecules at a rate comparable to the 
rate of membrane turnover (75)- Mitochondria under stress 
readily oxidize their unsaturated lipids (21) and so the 
rate of membrane turnover may be quite rapid after the 
phase change. Losses of up to 56% of lipids from the mem¬ 
branes can occur with the tissue retaining the capacity for 
reversing the chilling injury if the temperature is raised 
(65). Phospholipid loss from membranes can have several 
deleterious effects. Linolenic acid loss may occur via 
free radical autoxidation (18). Free fatty acids and poly- 
phenolic compounds can inhibit the electron transport chain 
of mitochondria and chloroplasts (28). Loss .of bound fatty 
acids occurs naturally in the aging process of bean 
cotyledons and can cause a phase change to occur (45). 
Similarly, mango fruits can tolerate chilling temperatures 
for up to 10 days without showing signs of injury, but 
further exposure results in a lowering of the palmolenic: 
palmitic acid ratio, and a rise in the E of succinate 
dehydrogenase, indicative of a phase change (29). Lipid 
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loss from membranes is usually accompanied by a loss of 
protein components as well, due to a reduced number of binding 
sites. Thus, recovery from chilling may involve a resynthesis 
of the lipid-protein matrix (82). 
The maintenance of a hydration shell around plant 
membranes can influence their temperature of transition 
dramatically (65)- Abnormally high ion leakage rates will 
not occur in many chill-sensitive plants below the tempera¬ 
ture of the phase change if a saturated atmosphere is main¬ 
tained (76,84). Wilson (76,77?78,79) maintains that water 
stress per se,and not phase changes, is the primary cause of 
many types of chilling injury. Plants which have been 
drought-hardened possess a resistance to chilling as well as 
to warer loss, but no measurable changes in the percentage 
of unsaturated phospholipids have been found in these plants 
(77). Drought hardening seems to enable the plant to main¬ 
tain a better degree of hydration, via a reduction in 
stomatal aperture and adaptations by the roots to facilitate 
v/ater uptake (17,37^60,76'). 
Chilling of root systems may contribute significantly 
to damage of the whole plant. Wilson reports (77) that root 
uptake of water at 5 0 is one tenth that at 23 C. Chilling 
of roots of Cucumis at 83% PH, while maintaining the shoots 
at above chilling temperatures, resulted in no fresh weight 
loss. Chilling of shoots, but not roots, resulted in wilting 
arid fresh weight loss, but not as much as when whole plants 
were chilled (76), contrary to results of other studies (81). 
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Characterization of the early stages of chilling 
injury is usually via abnormalities in solute leakage and 
respiration. Increases in conductivity as a quantitative 
indicator of injury were first used by Katz and Reinhold (30). 
Increases in carbohydrate, amino acid and ion leakage (9) 
from membranes caused by chilling in air may be due to dehy¬ 
dration of the plasma membrane, while chilling in water 
results in a flooding of intracellular spaces, followed by an 
ion efflux. Increased solute leakage from chilled seeds can 
be seen w^ithin 15 min of imbibitional chilling (5), while a 
longer period of exposure is necessary in fully hydrated 
tissues (81,74). Thus, the concept of loss of semipermeability 
of the membrane immediately upon exposure to such temperatures 
may have to be modified (65). Changes in solute leakage are 
generally considered to be the first detectable signs of 
injury. Belowr the temperature of the phase-change, the 
cells appear to be freely permeable, as rubidium (7) or 
o-nitrophenyl galactoside (65) will passively enter root 
tissue. The magnitude and reversibility of solute leakage 
are related to the severity of the chilling treatment, and 
to fresh weight loss (41). Normal leakage patterns return 
as the tissue recovers from injury (10,74). 
Altered respiratory following chilling has been 
documented in several laboratories (2,10,74). Stimulation 
of respiration, as measured by CO^ evolution or 0^ consump¬ 
tion (79) has been demonstrated in a variety of tissues, 
including citrus fruits and cucumber leaves (12,74). While 
V\ 
respiration of the tissues is usually depressed during the 
chilling period, respiration rises within a few hours after 
transfer to a warmer temperature, if the tissue has not been 
irreversibly damaged (10,74). The duration of the respira¬ 
tory burst is dependent upon the severity of the injury, with 
cumulative effects noted as time of exposure increases. 
Following a chilling period, both ion leakage and respiration 
are seen to increase, but it is unclear from the literature 
if these two events occur simultaneously. 
A causative factor in increased respiration follow¬ 
ing chilling has been suggested to be an increase in levels 
of simple sugars, keto acids and fermentation products such 
as ethanol and acetaldehyde during the stress period (41). 
After transfer to warmer temperatures, mitochondrial integrity 
may be restored, and metabolism of these products may ensue. 
Supporting evidence is seen in abrupt changes in the respira¬ 
tory quotient to values of less than unity during the 
respiratory burst (13)- Similarly, malonate, an inhibitor 
of the tricarboxylic acid cycle, does not exert any inhibition 
of the respiratory burst (2,49). 
The accumulation of these metabolites can be 
envisioned within the framework of the phase change theory. 
However, several pro]>arative procedures for isolating plant 
mitochondria have been shown to produce anamolous results 
(57?58), and isolating mitochondria may cause a phase change 
inter aleia. Therefore, direct comparisons between normal 
and chill injured iniIochondria are difficult. Mitochondria 
isolated from chill-sensitive or resistant species have shown 
that differences exist in the functioning of these organelles 
at low temperatures, expressed as differences in E . 
a 
Breidenbach et al. (6) found that although isolated 
mitochondria, chloroplasts and glyoxysomes all underwent a 
phase transition at 10 C, these changes did not affect the 
activities of gluconeogenic enzymes. 
Maintenance of an adequate ATP supply is considered 
essential to metabolic function, and a reduced electron flow 
through the mitochondria during chilling would diminish the 
available energy supply to the cell (38,79)- ATPase enzymes 
exhibit a marked dependence on membrane integrity for their 
activity; it has been demonstrated that phosphotidyl glycerol 
residues are required in close proximity to the enzyme (32). 
Lewis and Workman found that tomato plants lost 60% of their 
phosphate esterification capacity during a chilling period 
(38). This reduced esterification could result from at least 
two events: a) reduced activity of a membrane-bound ATPase, 
inhibiting ATP formation and/or degradation or b) uncoupling 
of respiration as a consequence of chilling (10,74*79)• It 
appears that both of these factors are contributory to chill¬ 
ing injury. The level of ATP may rise slightly during the 
first few hours of exposure to chilling temperatures, but 
subsequently falls as chilling time is extended (27,71). 
The degree of uncoupling is dependent upon the severity of 
the treatment (10,74). Jones (27) has shown that ATP levels 
are higher in some x)lants kept at 7 C than at 20 C, opposite 
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the effect which one would expect at these temperatures. This 
seemingly anomaly may be attributable to different rates of 
ATP synthesis or degradation at the lower temperature. Wilson 
(79) recently reported that although ATP levels fall during 
chilling, ADP and AFIP levels also decline, suggesting that 
abnormal metabolism of these adenine nucleotides is occurring. 
Similarly, hardening of plants to chilling, by exposing the 
plants to either drought or to temperatures slightly above 
the chilling range, results in an increased level of ATP, and 
these levels can be maintained throughout the chilling period 
(76). 
Further indications of the integrity and efficiency 
of the mitochondria following chilling can be found in changes 
in the respiratory-control-ratio and phosphorylative efficiency 
after chilling (41,7). The respiratory-control-ratio of 
mitochondria isolated from chill-injured soybean embryos was 
found to approximate 1, while that of control embryos was 2.8 
(11). This suggests that normal ADP acceptor control is not 
functional in the injured mitochondria. Both the respiratory 
control and P/0 ratio is seen to decrease during the frost 
hardening of winter wheat seedlings (46), suggesting that 
these changes may be advantageous in avoiding low temperature 
stress. 
Spray treatments of calcium, ascorbic acid and 
abscisic acid have been reported to be effective in reducing 
chilling injury in a variety of tissues. Calcium (and other 
divalent cations) have been shown to be effective in reducing 
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solute leakage (8,75), and is thought to act directly on the 
plasraalemma (18). Ascorbic acid, an effective reducing agent, 
enables many organisms to tolerate low temperatures (31), and 
reduces solute leakage from imbibing seeds following a chill¬ 
ing stress. Ascorbic acid is presumed not to directly affect 
membrane stability, but rather have its effect by maintaining 
the oxidation state of the cell, or by scavanging free radi¬ 
cles. The spray application of ABA for reducing chill injury 
is well documented (59,60,61), and apparently acts by main¬ 
taining plant and/or membrane hydration and integrity. 
Endogenous ABA levels have been shown to increase during stress 
hardening (76). 
CHAP T E R III 
MATERIALS AND METHODS 
Plant Material 
Cucumber (Cucumis sativus, L. cv Marketmore) and 
garden bean (Phaseolus vulgaris, L. cv Garden Beauty) 
hypocotyls were used in preliminary experiments. Both 
species are moderately chilling sensitive (47,76). However, 
cucumber hypocotyls were more uniform in growth and therefore 
more suitable for experiments with an oxygen electrode, and 
were used exclusively (in experiments reported here). Seeds 
were imbibed in water at room temperature (21 C) for 1 hr, 
and were then sown in vermiculite treated with with fungicides 
captan and Truban. Seedlings were thinned to a density of 
1 per 1.5 sq. cm. for uniform growth, and grown for 7 days 
at 25 C 450 lux, 80+5% RH, in a 16hr day/8hr night cycle. 
At 7 days, cotyledons were fully extended, and hypocotyl 
height was 5±0-5 cm. On day 7 seedlings were sprayed with 
ascorbic acid (imM), abscisic acid (O.ImM), calcium chloride 
(ImM) or water (control), using an atomizer sprayer, until 
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droplets appeared on the cotyledons. Eighteen hr (day 9) 
after spraying, appropriate flats of seedlings were trans¬ 
ferred to 2_+1 C, 85+_5% RH and kept in the dark for 48 hr, 
unless noted otherwise. During the chilling period (days 
8 to 10), control (unchilled) seedlings were kept in the 
dark a-t 25 0, 80_+5% RII. The importance of relative humidity 
in development of injury was demonstrated; chilling tor 18 hr 
18 
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at <2+1 C with 95+5% R& resulted in a nonsignificant increase 
in leakage after the chilling treatment (Appendix Table 6), 
in contrast to increased leakage at 85% RH that appears in 
subsequent data. The number of replications per experiment 
is indicated in the tables. Treatment means were separated 
statistically by the Duncan multiple range test, using the 
5% level of significance. 
Determinations of Solute Leakage 
On day 10, lots of 30 3-cm-long hypocotyl sections 
(1.25 g) were excised 1 mm below the cotyledonary node 
immediately after removal from the temperature chamber, and 
rinsed with distilled water. Hypocotyl sections were then 
equilibrated in 7-5 nil distilled water at 25 C for 60 min. 
The solution was then decanted for assay, and the tissue 
given two freeze (-18 C for 60 min)/thaw cycles to lyse the 
cells. Subsequently, dead tissues were equilibrated in 7-5 
ml distilled water for 45 min; the solute concentration of 
the solution was taken as a measure of total solute content 
of the tissue. Solution conductivity was measured with a 
Markson conductivity bridge, and amino acid leakage was 
measured by absorbance of the incubation solution at 280 nm, 
using a Hitachi-Perkin spectrophotometer. Concentrations of 
amino acids leaked from live tissue followed Beer-Lambert's 
laws. 
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Hespiration 
Respiration at intervals during recovery at 25 C, 
following a 48 hr chilling period at 2 C, was determined by 
excising a 0.5 cm section of hypocotyl 1 mm below the 
cotyledons from 9 seedlings and placing them in a Clark-type 
oxygen electrode maintained at 50 C in tris buffer, pH 7.0, 
saturated with air. Measurements were taken after allowing 
the hypocotyls to equilibrate for 10 min in the reaction 
chamber, with continuous stirring. Oxygen uptake was 
recorded, (using a chart speed that produced a trace at 
approximately a 45° angle) and linear slopes could be 
accurately measured within 5 min after initiation of the 
assay. After initial determinations of respiration were 
recorded, the sections were removed from the chamber and 
placed in solutions of 2,4 DNp\ SHAM^, KCN^ or tris (control) 
at 25 C. Stock solutions of these compounds were prepared 
weekly, and diluted with tris to achieve the desired concen¬ 
tration; SHAM has a low solubility in aqueous solutions, and 
was thus dissolved first in 1 ml ethanol. Final concentration 
of the ethanol after dilution with tris was 0.1% v/v; this 
concentration of ethanol was not seen to affect 0^ uptake 
rates in the absence of SHAM. The reaction chamber was 
washed thoroughly with 1:1 dimethylforamide: IL-,0 and 1:1 
^2,4 DNP = 2,4 dinitrophenol 
p 
' 'SHAM = sialcylhydoxamic acid 
7 
KCN = potassium cyanide 
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phenol :H ,0 between each 
of 2/1 DNP, SHAH or KCK 
determination to prevent buildup 
within the chamber,and to inhibit 
microbe growth (3). 
Responses of the segments to incubation in 2,4 DNP 
and KCK were seen after 30 min at 23 C, while a response to 
SHAIl was observed after 6C min. A concentration curve for 
the effects of test compounds was determined at these time 
periods (Appendix Table 1). Optimum concentration was 10 M 
for each test compound. The effects of these compounds on 
respiration were determined at intervals after the 46 hr 
chilling treatment, and on that of control seedlings on days 
6,9 and 10. lata are presented as mean values +_ standard 
error (SE). 
Zthylene 1 et emirs t ions 
Seedlings were seen to collapse following a 48 hr 
chilling treatment. In order to assess the role of in 
this phenomena, determinations of ethylene production by the 
hypocotyls were made 2 and 3 hr after the start of the 
recovery period. One gram of 3 cm long samples of hypocotyl 
tissue was equilibrated in 25 C water for 10 min and then 
placed in 25 ml flasks, with saturated XOrl solutions in the 
center well to absorb CO^, and the flasks v/ere capped with 
serum stoppers (35)- Sufficient quantities of were 
produced after 2 hr equilibration at 25 C for detection v/ith 
a Varian Aerograph gas chromatograph. Duplicate 1 cc samples 
of air were removed from the flasks after 2 and 3 hr; it was 
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assumed that a - reduction in atmospheric pressure within 
the flasks wou.'. d not interact with the mechanisms of 
ethylene production. 
C II A P T E R IV 
RESUI jTS 
Chilling Injury 
Cucumis seedlings developed chilling injury after 
48 hr at 2 C. Injury was expressed visually as collapse of 
the seedlings within 3 hr after transfer to 23 C. Physio¬ 
logically, injury resulted in a significant increase in solute 
leakage in 23 C water within 1 hr after chilling, whether 
solutes were measured as increased optical density (0^280^ 
or increased conductivity of the incubation medium (Table 1). 
Chilling injury after 48 hr at 2 C was reversible; the seed¬ 
lings regained turgor within 6 hr at 23 C. However, chilling 
for 72 hr produced irreversible damage, since these seedlings 
all remained flaccid for 11 hr and most never regained turgor. 
To avoid irreversible injury, all subsequent tests employed 
chilling for 48 hr at 2 C. 
Spraying of seedlings with ABA, CaClg or ascorbate did 
not influence leakage from unchilled seedlings (Appendix 
Table 8), similar to results of Rikin and Richmond (61). 
However, pretreatment with ABA before chilling reduced subse¬ 
quent leakage of solutes from chilled tissue, as measured by 
both 0DOqq and conductivity of the incubation medium, while 
pretreatment with ascorbate increased leakage after chilling 
(Table 2). CaCl? was marginally effective in reducing 0Dg8Q 
following chilling, although conductivity readings were 
similar to those from chilling seedlings. Analysis of data 
23 
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Table 1 Effect of chilling time on solute leakage from 
Cucumis hypocotyls. 
Following 2 C chilling, hypocotyls were equilibrated 
in 25C water for 60 min. Leakage was determined as 
conductivity (uflho) or as OD^qq of the solution, and 
converted to % leakage of killed tissue. Numbers 
followed by a common letter within a column are not 
significantly different (n=8). 
Hours Ratio 
chilled Solute Leakage 0D280/Conductivity 
0D280 
Live Killed % 
0 .062 .703 8.8a 
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(V
I 
O
- 
0
 • • 778 9- 3ab 
48 .081 .724 11.2b 
72 .133 .726 18.3c 
Conductivity 
Live Killed fo 
29 535 5.4a 1.64a 
29 433 6.6ab 1.40a 
32 399 7.9b 1,42a 
56 473 11.8c 1.56a 
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Table 2. Effects of treatments applied before chilling on 
solute leakage from Cucumis hypocotyls after 48 hr 
chilling at 2 C. 
Eighteen hrs before initiation of chilling, seedlings 
were pretreated by spraying with ABA, CaClp, ascorbate 
or water (control) until droplets appeared on the 
cotyledons. After chilling treatment measurements were 
made as described in Table 1. Values are expressed 
as % leakage from killed tissue. Numbers followed 
by the same letters within columns are not significantly 
different (n=10). 
Treatment Pretreatment 
Solute 
^®280—__ 
Leakage 
Conductivity 
Ratio, 
OD000/Conductivity 
Control, 25 C 8.7a 4.9a 
1.78 a 
Chilled, 2 C Water 12.7b 7.5b 1.68 a 
Chilled, 2 n v ABA, io"4e 10.0a 5.9a 1.69 a 
Chilled, 2 c Ascorbate, 10 14.2c 8.5c 1.66 a 
Chilled, 2 c CaCl2, 10“ \ 10.5ab 7.1b 1.47 a 
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(Tables 1,2) in a split plot design indicated that the 
relationship between ion leakage and ODp^Q was not altered 
by chilling; similarly, correlation coefficients for these 
parameters were not altered by pretreatment with ABA, Ca+^ 
or ascorbate (Appendix, Table 8). These analyses of the data 
suggest that chilling increased leakage of both ions and amino 
acids to the same extent. 
Ethylene Production 
Ethylene production from chilled seedlings shortly 
after transfer to 25 C was significantly higher than that 
from control seedlings (Table 3)- Pretreatment with ABA or 
CaCl^ delayed this effect, while pretreatment with ascorbate 
increased ethylene production following chilling. • Seedling 
collapse following chilling, in tissues with or without 
ascorbate pretreatments, coincided with increased the 
production at 2 hr. Ethylene production rates of seedlings 
pretreated with ABA or CaCl^ increased 3 hr after chilling 
to a level that was not signficantly different from chilled 
or control seedlings. 
Respiration 
C>2 consumption in unch'illed seedlings decreased 
significantly between days 8 and 10 (Table 4), perhaps due 
to cell enlargement or maturation, as respiration rates were 
based on Qr consumption per 9 hypocotyl segments. However, 
regardless of ago, the hypocotyls were EIlAE-insensitive and 
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Table 3• Effect of chilling on ethylene production by Cucumis 
hypocotyls. 
Following a 48 hr, 2 C chilling treatment one g 
samples of 3 cm long hypocotyl sections were warmed 
to 25 C, and placed in 25 ml flasks with KOH in the 
center well; duplicate 1 cc air samples were removed 
for gas chromatograph analysis after 2 or 3 hr. Numbers 
followed by the same letter not significantly 
different (n=8). 
Treatment Pretreatment 
Ethylene concentration 
2 hr at 25 C 3 hr 
(nl/g-hr) 
at 25 C 
Control, 25 C 21.6a 22.5a 
Chilled, 2 C Water 27.3b 36.4b 
Chilled, 2 C AEA, 10“4M 18.9a 28.6ab 
Chilled, 2 C Ascorbate, 10” 29.8b 41.7b 
Chilled, 2 C CaCl2, 10“ 20.1a 
• 
29.7ab 
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Table 4. Effect of SHAM and 2,4 DNP on oxygen consumption 
of 8, 9 or 10 day old Cucumis hypocotyls. 
Initial 0^ uptake by nine 5-mm-long hypocotyls was 
measured at 30 C for 3 min, after 10 min equilibration 
-4 
at 30 C. Segments were then equilibrated in 10 M SHAM 
for 60 min, or 10 ^M 2,4 DNP for 30 min, and again 
assayed for 0^ uptake. Data is expressed as ul 0^/9 
hypocotyls-hr. (mean + SE, n=3). 
Days 
growth at Initial Uptake after incubation with % of Initial 
_23 C Opuptake_SHAM_2,4 DNP_0^ uptake 
8 
8 
9 
10 
10 
14.64 + .70 
14.36 + .75 14.88 + .9^ 
13.32 + .66 
12.32 + .76 
12.88 + .31 13.19 + .69 
19.44 + o.83 133 + 2 
102 + 1 
17.68 + 1.11 131 + 3 
16.24 + 1.26 132 + 2 
103 + 1 
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2,4 DNP-sensitive. Seedlings that had been chilled exhibited 
low respiration (13-2+1.3 vs 16.8+0.7) at removal from the 
chilling chamber, but Op uptake increased rapidly after 
removal, achieving a steady state after 3 hr at 25 C, so that 
determinations of 2,4 DNP and SHAM responses could be made. 
The initially low respiration should not be attributed to the 
temperature of the tissue, since the hypocotyls were warmed 
in 30 C tris for 10 min prior to measurements of Op consumption. 
Cucumber hypocotyls exhibited a transient rise in Op consump¬ 
tion following chilling, similar to the respiratory burst 
often recorded for other chilled plant tissues. This rise 
peaked at 6 hr at 25 C, began to decline after 9 hr, and 
reached base level (for 9-hay-old seedlings) within 24 hr. 
After 48 hr at 25 C, Op uptake was comparable for both 
chilled and non-chilled seedlings (data not shown). At all 
times, chilled seedlings were sensitive to 2,4 DNP (Table 5)? 
although sensitivity increased during the rise and was not 
completely equivalent to that of unchilled seedlings until 
12 hr at 25 C. The chilled cucumber hypocotyls were also 
sensitive to SHAM-inhibition of Op uptake dur.ing this recovery 
burst (Figure 1), in contrast to non-chilled tissue which 
was completely insensitive to 10 ^M SHAM (Table L'- ). 
Further, the burst of accelerated Op uptake of chilled seed¬ 
lings corresponded to a period of SHAM-sensitivity. 
Seedlings pretreated with ABA prior to the chilling 
treatment exhibited a similar rise in respiration to that 
seen in seedlings not pretreated (Table 5)- However, the 
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Table 3- Effect of 10 Vl 2,4 DNP or 10 *"M SHAH on oxygen 
consumption of Cucumis hypocotyls, with or without 
_4 
pretreatment with 10 M ABA before chilling for 
48 hr at 2 C. 
Seedlings were at 25 C, 85% RH following chilling. 
Measurement was as in Table 4. (n=3 to 6) 
Hours 
after 
at 25 C 
chilling 
Pretreatment 
with ABA 
Initial 
0n uptake 
LL 
% Stimulation 1 
by 2,4 DNP 
% Inhibition 
by SHAM 
5 — 16.76 + 0.77 0
 
1 +
 2 17 + 2 
3 + 15.40 + 0.73 17 ± 2 13 +_ 2 
6 — 18.68 +_ 0.98 20 + 1 20 +_ 1 
6 + 17-88 +_ 0.57 19 + 1 20 +_ 2 
9 — 18.36 +_ 0.64 21 • + 4 12 -h 4 
9 + 17-32 + 0.80 29.+ 4 10 +_ 2 
12 — 15.88 +_ 0.54 
+
 1 
0
 
4
- 4 9 _+ 3 
12 + 15.72 + 0.41 39 + 4 7 2 
24 — 13.80 + 0.40 31 ± 2 3 1 
24 + 13.45 0.46 31 ± 2 2 1 
31 
ul 0^/ 
9 hypocotyls 
-hr 
Figure 1. Changes in respiration of Cucumis 
hypocotyls during recovery at 25 C, 
85% RH following 48 hr at 2 C. 
(—•—) initial 0^ uptake, control 
(—0—) 0- uptake after equilibration 
with SHAM 
(—-£—) 0>2 uptake after equilibration 
with 2,4 DNP 
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rise in respiration of seedlings pretreuted with ABA was 
delayed by 3 hr, similar to the delay in C0I1^ production. 
Pretreatment with CaCl0 or ascorbate had no effect on the 
respiratory response of chilled tissues (data not shown). 
C H A P T E R V 
DISCUSSION 
Chilling injury in young cucumber seedlings is 
manifested by changes in solute leakage, ethylene production, 
respiratory rates, and collapse of the seedlings. Solute 
leakage increased with duration of chilling, similar to 
results of others (10,47), and was detectable sooner than 
elevated rates of ethylene production or oxygen consumption. 
A significant increase in solute leakage was observed upon 
removal from the chilling chamber, while increased pro¬ 
duction was not measurable until 2 - 3 b? after the start of 
the recovery period. CU uptake by the seedlings was low 
immediately after removal from the chilling chamber in 
accordance with findings of Minchin & Simon (47) and 
increased during the first 6 hr of recovery. The lack of 
coordination among these parameters suggests that increased 
production and 0^ consumption may be a consequence of 
secondary, anabolic events during recovery at 25 C, while 
increased solute leakage may be a direct effect of chilling 
presumably due to phase-change induced aberrations in mem¬ 
brane differential permeability. 
Pretreatment of seedlings with ADA, and to a lesser 
extent Ca+^, reduced solute leakage and delayed both seed¬ 
ling collapse and CpH^ production ;during recovery at 25 C. 
In contrast, ascorbate pretreatment intensified chilling 
damage as measured by these parameters. Since 
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synthesizing enzymes are reportedly associated with the 
plasma membrane (26,32), both solute leakage and produc¬ 
tion may be a direct consequence of stress on the plasma 
membrane (14). Both ABA (17*63) and Ca-1^ (73) can stabilize 
membranes against low temperature changes; thus, it appears 
that agents which directly affect the occurrence of phase 
transitions can reduce chilling injury to plants. The 
mechanism by which ascorbate pretreatments intensify chilling 
injury is unclear, but this finding suggests that injury in 
young cucumber hypocotyls is not due to the formation of 
metabolic oxidation products. 
No differences as a result of pretreatment with ABA, 
p 
Ca+ or ascorbate were seen in the respiratory behavior of 
seedlings during recovery from chilling. Therefore, 
mitochondrial and plasma membrane stability seem to be 
affected to different degrees by these agents. Perhaps 
neither ABA nor the Ca+ penetrated the protoplast. However, 
these results may reflect the propensity of the protoplast 
for dehydration, which raises the temperature of transition 
(63). 
Maximum 0^ uptake following chilling was reached 
after 6 hr at 23 C. This lag period may be due to a loss of 
mitochondrial enzymes during chilling (33)* followed by a 
synthesis of these proteins during recovery. Early in the 
recovery period, seedlings exhibited reduced sensitivity to 
2,4 I)NP. It has been previously reported that uncoupling 
of respiration exists after chilling (34,74)* hut an accurate 
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assessment of this phenomenon is not possible in whole 
tissues. .his would require determination of ADF concentra¬ 
tion; if ADF levels following chilling are high, addition of 
2,4 D!JP will not stimulate respiration (36). Oligomycin, 
which inhibits ADF-ATF transformations could not be used to 
test this hypothesis, as it has been shown to bind to plant 
plasma membranes (43). 
It is possible that reduced response to 2,4 DNP 
following chilling is related to cyanide insensitive respira¬ 
tion (24,70). Cyanide insensitive respiration is found in 
many types of plant tissues, but its pathway and physiological 
role is still unknown. This type of respiration is seen to be 
operative in cases where membrane integrity is disturbed, as 
in slicing of tubers or during the ripening of fruits (62, 
66,69). The alternate path is thought to branch from the 
normal respiratory chain at ubiquinone, and thus shares simi¬ 
lar flavourofeins,but does not utilize the cyctochromes. 
The operation of this pathway is presumed to be determined 
by the redox state of the branch point of the two systems 
(3,4). Evidence indicates that the respiratoyy-control-ratio 
and ATP production are lowered when the pathway is in opera¬ 
tion, (70) similar to phenomena associated with chilling 
inpury. In some fruits, the development of cyanide 
insensitive respiration occurs concomitant with the 
climacteric rise in ethylene production (59,70)• It is 
tempting to speculate that the increased ethylene production 
observed is related to cyanide insensitive respiration. 
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The physiological role of the alternate pathway 
following a chilling stress is unknown, but a thermogenic 
function as seen in Arum spadix (3) is unlikely, as the 
pathway only accounts for a fraction of total cucumber 
hypocotyl respiration. Alternately, the operation of this 
pathway may facilitate recovery of the plant from chilling 
injury. A buildup of metabolites may result from chilling, 
and it could be advantageous to the plant to detoxify these 
products as quickly as possible. The alternate pathway has 
fewer reactions than the normal pathway, and does not depend 
on loosely bound cyctochrome c, which may disassociate from 
mitochondrial membranes during chilling (33,82). Later 
during the recovery period, it is possible that ATP levels 
in the cells rise to a point that respiration would slow 
down, as the mitochondria becomes recoupled. However, the 
participation of cyanide insensitive respiration may enable 
metabolization of side products formed during chilling, as 
acceptor control does not strictly regulate its operation. 
In conclusion, symptoms of chilling injury in young 
seedlings seems to be consistent with the phase-change theory 
of chilling injury. In addition, our results indicate the 
disappearance of cyanide insensitive respiration during 
recovery from chilling. The participation of the alternate 
oxidase in respiration following chilling may enable the 
plant to more rapidly recover from the stress. 
CHAPTER VI 
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APPENDIX 
l 
Table 6. Effect of chilling at 2 C, 99.+ 5% RH for 48 hr on 
solute leakage from Cucumis hypocotyls, as determined 
by OD2Qq or conductivity by methods described in 
Table 1 (n=10) 
Treatment OP. 
p80- 
Conductivity Ratio, 
Live Dead % Live Dead % OD^0^/Conductivity 
control .066 .798 8.7a 26 326 
coU" " ~ — 
4.9a 1.77a 
chilled .079 .840 9.4a 36 613 5.8a 1.62a 
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Table 8. Effect of various sprays on solute leakage from non- 
chilled Cucumis hypocotyls, as determined by OD^gQ or 
conductivity by methods described in Table 1. (n=4) 
Spray _^280_ 
Live Dead % 
control .060 .7^7 8.0a 
10 ascorbate . 066 .7^7 8.8a 
10-5M CaClp .056 .681 8.2a 
10_4W ABA .059 .771 7.6a 
Conductivity_ Ratio, 
Live Dead % OD 2Q(ylonductivity 
32 647 4.9a 1.63a 
36 736 4.8a 1.83a 
32 667 4.7a 1.74-a 
35 743 4.7a 1.62a 

